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Abstract Increasing the viscosity of injected water by the
addition of polymer improves the displacement efficiency
during the water flooding process. In this study, a sul-
fonated polyacrylamide copolymer has been added to salt
water. Several parameters, such as polymer concentration,
shear rate, NaCl concentration, molecular weight and sul-
fonation degree, have a significant effect on the polymer
solution viscosity. The main objective of this paper is to
investigate how the polymer solution viscosity varies with
changes in the input parameters so as to identify the rela-
tive importance of these parameters. This paper incorpo-
rates the Design of Experiments technique using Taguchi’s
method and the Analysis of Variance (ANOVA) to inves-
tigate the effect of process variables on the viscosity of a
polymer solution. Five input parameters and six possible
interactions have been investigated. The analysis of the
experimental results revealed that two input parameters,
namely, polymer concentration and shear rate, have the
most significant impact on polymer viscosity. Two strong
interactions were observed in the (1) NaCl concentration
and sulfonation degree and (2) molecular weight and NaCl
concentration studies. The results show that the Taguchi
method was successful in identifying the main effects and
interaction effects. ANOVA further buttresses the results
from Taguchi’s method by showing a strong similarity in
its results.
Keywords Sulfonated polyacrylamide polymers 
Polymer viscosity  ANOVA  Taguchi Method
Introduction
Polymers find great usage in the oil and gas industry. Their
applicability in profile modification, enhanced oil recovery
(EOR), drilling, etc., makes them highly versatile in the
industry. Water flooding involves the injection of water
into the reservoir to sustain pressure and dislodge the oil.
Unstable displacement may be noticed in this process given
that oil usually has a higher viscosity than water. The
displacement efficiency in the water flooding technique can
be improved by adding a polymer to the injected water.
This addition increases the water viscosity and, in turn,
displacement efficiency. The mobility ratio (M) is used to
explain this enhancement of the water flooding efficiency
technique. The mobility ratio is understood as a combina-
tion of oil and water viscosities along with the effective




where Ko and Kw are the effective permabilities to oil and
water, and lw, lo are the viscosity of water and oil,
respectively (Sorbie 1991). It is noted that for a given
reservoir condition, M increases the recovery of oil prior to
the water break decrease in the producing well. Given that
the polymer increases the viscosity and reduces the relative
permeability of the water, there is a subsequent decrease in
M as seen from Eq. 1. This, in turn, improves the oil
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recovery. As a result of the lower M, flow resistance builds
up in the reservoir at the regions of the polymer penetration
and the injected water will eventually enter into unswept
zones (Needham and Doe 1987).
Several studies have been conducted, comprehensively
and at length, on the viscosity of polymers, such as poly-
acrylamide (PAM), hydrolyzed polyacrylamide (HPAM),
biopolymers, etc. (Bendell et al. 1989; Carreau 1972;
Chagas et al. 2004; Dong et al. 2008). Synthetic polymers,
such as HPAM, are used in EOR processes as seen in the
Daqing and Bohai oil fields with a low concentration of
salinity and hardness (Dong et al. 2008; Han et al. 2006).
HPAM polymer is seen to have lower efficiency for
reservoirs having high salt content while it yields a good
outcome in low salinity reservoirs. These polymers also
undergo shear degradation under high salinity conditions.
The shear thinning behavior is significantly affected by the
degree of hydrolysis, polymer concentration, molecular
weight and temperature for polyacrylamide and HPAM
polymers (Lewandowska 2007). Studies on polymer
flooding also indicate the usage of biopolymers, such as
Xanthan gum (Levitt and Pope 2008). Xanthan gum, in
comparison to HPAM, offers higher resistance to shear
degradation and high tolerance to salt and divalent ions.
Nonetheless, biodegradation and injectivity problems still
persist in biopolymers (Nasr-El-Din 1992).
However, a copolymerization study of acrylamide (AM)
with the sodium salt of 2-acrylamide-2-methyl propane-
sulfonate (AMPS) having a distinct sulfonation degree
depicts that AM/AMPS maintains the viscosity of the
polymer solution better than HPAM under high salinity
conditions in the presence of calcium ions (Levitt and Pope
2008). For a flow rate under 1000 ft/day in Berea sand-
stone, a high shear stability and no injectivity issues are
reported for a specific PAM’s polymer and various asso-
ciating polymers. For the ageing time of 100 days at 93 C,
the AM/AMPS copolymer with a 40 % sulfonation degree
had higher hydrolytic stability than HPAM (Schulz et al.
1987). Although AM/AMPS copolymers proved their
effectiveness as viscosifying agents, modeling and quan-
tification of their viscosity still needs to be carried out.
Therefore, these types of polymers have been considered
for this study.
Literature shows that process variables, such as polymer
concentration, shear-rate, sulfonation degree, salt concen-
tration and molecular weight, have an influence on the
polymer solution viscosity (Luo et al. 2006; Rashidi et al.
2011; Sheng 2011; Sorbie 1991). The main focus of this
paper is to precisely assess the effects of the above-men-
tioned parameters on the polymer solution viscosity. Pre-
vious polymer flooding models and studies widely used the
one-factor-at-a-time (OFAT) method, which is inconsis-
tent. In this method, each parameter is evaluated across a
range of values while keeping other parameters constant.
The serious risk associated with the OFAT method is that
the models developed through the OFAT are sensitive to
just individual parameters. This means that it does not take
into account the possibility of interactions among param-
eters. An interaction is said to exist between variables
when the effect of one variable on the response depends on
the level of another variable (Mathews 2005). Given that
such interactions are common among the variables in the
polymer flooding process, the OFAT seems unsuitable for
modeling purposes.
Alternatively, the full-factorial method may be used for
analyzing the parameter interactions. However, a large
number of simulations are required by this method
(Montgomery 2008). Given that each simulation is time
consuming, running large numbers of them is highly
impractical. A common industrial method used as an
alternative is the Taguchi method. This method, being less
time consuming and hence more practical, employs only a
small number of all the possible combinations of the model
parameters to estimate the main effects and some interac-
tions. And the number of simulations is reduced by the
orthogonal array (OA) technique (Taguchi 1987), without
significant loss of information. As there is no evidence in
the available literature about the study of the effect of
polymer concentration, shear rate, sulfonation degree and
molecular weight using the Taguchi method, this paper fills
the gap using the method for the design of the experiment
and analysis of the results.
Thus, the main objective of this work was to investigate
the effects of all the parameters mentioned above on the
polymer viscosity using Taguchi’s method. Analysis of
Variance (ANOVA) was also used to statistically assess the
influence that each investigated factor had on the polymer
solution viscosity. The main effect and interaction effect
graphs were used for the analysis and interpretation of the
experimental results.
Taguchi method
As the number of process parameters increases, the clas-
sical design of the experiment needs scads of experiments
and, therefore, becomes highly arduous to use (Mont-
gomery 2008). To reduce the amount of trials required,
Taguchi developed a contrivance to enhance the quality of
a system product. As mentioned earlier, using orthogonal
arrays with only a few experiments, a large parameter
space can be studied. The experimental results are con-
verted to a signal-to-noise ratio (S/N) to determine the
quality characteristic deviation from the anticipated values;
a larger S/N ratio indicates better quality characteristics
(Bendell et al. 1989; Ross 1996). The two primary goals
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that Taguchi’s method achieves are: establishing optimal
parameters for a product or process, and identifying the
most influential factor by checking the contribution of each
design parameter (Taguchi 1987). In this study,
MinitabV.16 software was used to implement Taguchi’s
method and the ANOVA analysis.
Experimental details and data analysis
Materials
Polymers
This investigation focuses on six AM/AMPS copolymers
having different ranges of sulfonation degrees and molec-
ular weights. Table 1 shows the characteristics of the
polymers supplied by SNF Floerger for this study. The
molecular structure of typical AM/AMPS copolymers is
illustrated in Fig. 1.
Bulk solutions
NaCl solutions, having concentrations between 0.1 and
10 wt% in water, were used as solvents while keeping the
temperature constant at 20 C.
Experimental procedure
Solution preparation
The polymer solution was prepared by stirring the sodium
chloride solution at 720 rpm and gradually adding the dry
polymer powder along the side of the vortex. This was
performed to prevent the formation of ‘‘fisheyes’’-devel-
oped when polymer powder is not evenly wetted. To obtain
a homogeneous polymer solution, the speed of the stirrer
was reduced to medium and it was stirred for almost
90 min to ensure complete dissolution. The prepared
standard polymer solution (5000 ppm) was then diluted to











a The polymers in this study were supplied by SNF FLOERGER
Fig. 1 Sulfonated polyacrylamide polymers
Table 2 Different study parts and their corresponding levels
Study parts Level 1 Level 2 Level 3 Level 4 Level 5 Level 6
Polymer concentration (ppm) 100 1000 2500 3500 5000
Shear rate (s-1) 10 32 100 315 1000
Sulfonation degree (mol. %) 13 25 32
Shear rate (s-1) 10 32 100 315 735 1000
NaCl concentration (wt%) 0.1 1 3 5 10
Shear rate (s-1) 10 32 110 340 1000
Sulfonation degree (mol. %) 5 13 25 32
NaCl concentration (wt%) 0.1 0.5 1 5
Sulfonation degree (mol. %) 5 13 32
Polymer concentration (ppm) 1500 2500 5000
Molecular weight (mDa) 2 8 12
NaCl concentration (wt%) 0.1 1 5
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obtain a final polymer concentration ranging from 100 to
3500 ppm.
Viscosity measurement
The viscosity was measured using a rotary rheometer,
Malvern Bohlin Gemini II Rheometer. The shear viscosity
was measured for shear rates between 10 and 1000 s-1, in
both increasing and decreasing progression at 20 C on the
polymer samples. Shear rate hysteresis was absent in all
solutions studied.
Experimental plan
However, since two-factor interactions may be confounded
with other two-factor interactions (Mathews 2005), an
experimental plan was designed to evaluate each two-fac-
tor interactions, separately. The parameters and their levels
for each study are indicated in Table 2.
Analysis of the S/N ratio
To perform a thorough analysis of the experimental data,
Taguchi suggests two distinct routes. First, the averaged
results from the experiments are to be used as input data
for the main effect and ANOVA analysis. Second, for the
same steps of the analysis, Taguchi strongly recommends
the use of signal-to-noise (S/N) ratios. The S/N ratio is a
concurrent quality metric linked to the loss function
(Bendell et al. 1989). The optimum set of operating
conditions can be identified simply by looking into the
variation within the S/N ratio results. The signal-to-noise
(S/N) ratio can be generated by transforming the experi-
mental observation.
The S/N number is calculated for each experiment to
find the effect of each variable on the output. Based on the
type of characteristics, there are three prominent S/N ratios
available—Nominal is best, Smaller is better and Larger is
better.







F ratio P value Contribution
(%)
Shear rate (s-1) 4 94.57 23.642 9.12 0.000 4.2823
Polymer conc. (ppm) 4 2072.34 518.084 199.84 0.000 93.84
Error 16 0.10441 2.593 1.878
Total 4 2208.39
Shear rate (s-1) 5 68.3803 13.6761 2983.28 0.000 99.4045
Sulf. degree (mol%) 2 0.3638 0.1819 39.68 0.000 0.52885
Error 10 0.0458 0.0046 0.066579
Total 17 68.7899
Shear rate (s-1) 4 62.479 15.6196 187.16 0.000 74.576
NaCl conc. (wt%) 4 19.965 4.9914 59.81 0.000 23.8306
Error 16 1.335 0.0835 1.5935
Total 24 83.779
NaCl conc. (wt%) 3 8.2273 1252.72 2.7424 0.000 83.4090
Sulfonation degree (mol%) 3 0.6595 136.23 0.2198 0.181 6.6860
Error 9 0.9769 63.9 0.1085 9.9038
Total 15 9.8638
Polymer conc. (ppm) 2 48.6042 24.3021 368.61 0.000 93.9667
Sulf. degree (mol%) 2 2.8570 1.4285 21.67 0.007 5.523451
Error 4 0.2637 0.0659 0.5098
Total 8 51.7249
NaCl conc. (wt%) 2 16.750 8.3750 10.57 0.025 54.427
Mw (mDa) 2 10.854 5.4272 6.85 0.51 35.2688
Error 4 3.171 0.7927 10.3038
Total 8 30.775
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The following equations are used for the calculation of
S/N for the case of a specific target value of the perfor-
mance characteristic:




















where Ni, u, i and yi are the number of trials for experiment
i, trial number, experiment number and the value of the
performance characteristic for a given experiment,
respectively.
To minimize the performance characteristic, following








To maximize the performance characteristic, following
equation is used to define the S/N ratio:








After calculating the S/N ratio for each experiment, the
average S/N ratio value is calculated for each factor and
level. As the goal of this work has been to achieve a higher
viscosity value, the S/N ratio formulation for maximizing
the performance characteristics was used.
Analysis of variance (ANOVA)
To identify the design parameters that considerably affect
the response, ANOVA was applied. For ANOVA calcula-
tions, the sum of the squared deviations (SST) was com-
puted through the following equation as discussed by Yang




gi  gmð Þ2 ð7Þ
Here, n is the number of experiments, gi is the mean S/N
ratio for the ith experiment and gm is the total mean S/
N ratio. The two sources of the SST were: the sum of the
squared deviations (SSd) due to each design parameter and
the sum of the squared error (SSe). Table 3 shows the
ANOVA results of the polymer solution viscosity for
different steps of this study.
Results and discussion
Effect of the polymer concentration and the shear
rate on the polymer solution viscosity
The resultant range of the experimental conditions,
including their coded levels, can be observed in Table 4. In
this step, the viscosity of AN125 in 5 weight percent (wt%)
NaCl as a function of the shear rate and the polymer
concentration at 20 C has been considered.
The S/N response graph for the polymer solution with
viscosity as a function of the polymer concentration and the
shear rate is depicted in Fig. 2. The main effects’ plot in
Fig. 2a suggests that there might be a significant effect
associated with the polymer concentration as compared to
the shear rate effect. This is justified by the fact that in a
low polymer concentration (\1000 ppm), the shear rate has
almost no effect on polymer solution viscosity and this
phenomenon reduces the average effectiveness of the shear
rate.
Table 4 Polymer concentration and Shear rate: the order and con-




Shear rate (s-1) Viscosity
(mPa s)
1 100 (1) 10 (1) 1.4
2 100 (1) 31.6228 (2) 1.3
3 100 (1) 100.776 (3) 1.3
4 100 (1) 316.228 (4) 1.1
5 100 (1) 1000 (5) 1.1
6 1000 (2) 10 (1) 3.9
7 1000 (2) 31.6228 (2) 3.6
8 1000 (2) 100.776 (3) 3.1
9 1000 (2) 316.228 (4) 2.7
10 1000 (2) 1000 (5) 2.4
11 2500 (3) 10 (1) 12.3
12 2500 (3) 31.6228 (2) 10.2
13 2500 (3) 100.776 (3) 8.5
14 2500 (3) 316.228 (4) 6.8
15 2500 (3) 1000 (5) 5.4
16 3500 (4) 10 (1) 21.7
17 3500 (4) 31.6228 (2) 17.2
18 3500 (4) 100.776 (3) 13.7
19 3500 (4) 316.228 (4) 10.2
20 3500 (4) 1000 (5) 7.6
21 5000 (5) 10 (1) 53.5
22 5000 (5) 31.6228 (2) 39.1
23 5000 (5) 100.776 (3) 26.8
24 5000 (5) 316.228 (4) 18.1
25 5000 (5) 1000 (5) 12.6
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Fig. 2 Polymer concentration
and shear rate a main effect,
b interaction effect
Table 5 Sulfonation degree
and shear rate: the order and
conditions for the Taguchi
design including the coded
levels of each parameter
S. no Sulfonation degree (mol%) Shear rate (s-1) Viscosity (mPa s)
1 13 (1) 10 (1) 270.7
2 25 (2) 10 (1) 297.6
3 32 (3) 10 (1) 353.8
4 13 (1) 31.6849 (2) 137.2
5 25 (2) 31.6849 (2) 153.0
6 32 (3) 31.6849 (2) 172.1
7 13 (1) 100.393 (3) 70.1
8 25 (2) 100.393 (3) 78.0
9 32 (3) 100.393 (3) 83.6
10 13 (1) 315.608 (4) 36.7
11 25 (2) 315.608 (4) 41.2
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Fig. 3 Sulfonation degree and
shear rate a main effect,
b interaction effect
Table 5 continued S. no Sulfonation degree (mol%) Shear rate (s-1) Viscosity (mPa s)
12 32 (3) 315.608 (4) 43.4
13 13 (1) 736.412 (5) 23.4
14 25 (2) 736.412 (5) 26.8
15 32 (3) 736.412 (5) 26.8
16 13 (1) 1000 (6) 21.2
17 25 (2) 1000 (6) 22.4
18 32 (3) 1000 (6) 22.4
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On the other hand, the interaction plot in Fig. 2b sug-
gests that there might not be a significant interaction due to
the polymer concentration 9 shear rate. Considering the
polymer concentrations between 100 and 1000 ppm, the
interaction lines are obviously not parallel which indicates
a considerable interaction effect. This is due to the reason
that when the polymer concentrations changes between
these two levels, the polymer solution’s behavior changes
from an almost Newtonian fluid to a non-Newtonian fluid.
Therefore, the polymer concentration initiates the effect of
the shear rate on the polymer solution viscosity. Interest-
ingly, the lines become parallel to each other as the poly-
mer concentration increases higher than 1000 ppm which
means that the interaction effect is reduced. However, the
overall impact of the polymer concentration 9 shear rate is
insignificant to the viscosity.
The polymer solution viscosity reduced as the shear rate
increased from 10 to 1000 (s-1) and increased with an
increase in the polymer concentration. These findings were
consistent with those of other studies (Lewandowska
2007). A viscosity reduction with the shear rate is noticed
for pseudo-plastic or shear thinning fluids. The orientation
of macromolecules along the stream line of the flow is
considered to be the reason for the pseudo-plastic behavior
(Ait-Kadi et al. 1987; Ballard et al. 1988; Carreau 1972;
Chagas et al. 2004; Ghannam 1999). For all polymers, a
higher polymer concentration gives a solution with a higher
viscosity. This is because the polymer concentration
changes the interaction among the polymer molecules
(Rashidi et al. 2010; Sorbie 1991).
Similarly, Table 3 shows the ANOVA results of the
polymer solution viscosity. It was observed that the
polymer concentration was the more significant
parameter affecting solution viscosity as compared to
the shear rate. The polymer concentration and the shear
rate, individually, affected the polymer viscosity by
approximately 94 and 4 %, respectively. An error
contribution of 2 % was obtained which included all the
interaction effects. As the percentage of the interaction
was less than or equal to 2 %, the insignificant inter-
action effects were deduced, which were in line with S/
N ratio results.
Effect of the sulfonation degree and shear rate
on the polymer solution viscosity
The resultant range of the experimental conditions,
including their coded levels, can be observed in Table 5. In
this step, the viscosity of sulfonated polyacrylamide poly-
mers in 0.1 wt% NaCl as a function of shear rate at dif-
ferent sulfonation degrees and a 5000 ppm polymer
concentration at 20 C has been considered.
The S/N response graph for the polymer solution vis-
cosity as a function of the sulfonation degree and shear rate
is depicted in Fig. 3. The main effects’ plot in Fig. 3a
suggests that there might be a significant effect associated
with the shear rate as compared to the sulfonation degree
effect. It is known that increasing the shear rate increases
the orientation of macromolecules along the stream line of
the flow subsequently decreasing the viscosity. Likewise,
the introduction of the sulfonic acid increases the rigidity
of the polymer chain (Ballard et al. 1988), thereby causing
an increase in the viscosity. But, the change in the viscosity
due to the shear rate is greater than the change due to the
addition of the sulfonic units. This effect is due to the fact
that, for the given conditions, the rigidity which is induced
by the addition of the sulfonic units is not enough to resist
the reorientation degree imposed by the increasing shear
rate.
On the other hand, the interaction plot in Fig. 3b sug-
gests that there might not be a significant interaction due to
the sulfonation degree 9 shear rate as the lines are almost
parallel except for the 13 % sulfonation degree when the
Table 6 NaCl concentration and Shear rate: the order and conditions
for the Taguchi design including the coded levels of each parameter
S. no NaCl conc. (wt%) Shear rate (s-1) Viscosity (mPa s)
1 0.1 (1) 10 (1) 354.6
2 0.1 (1) 31.6228 (2) 172.2
3 0.1 (1) 108.871 (3) 79.4
4 0.1 (1) 341.631 (4) 40.2
5 0.1 (1) 1000 (5) 21.6
6 1 (2) 10 (1) 113.4
7 1 (2) 31.6228 (2) 69.1
8 1 (2) 108.871 (3) 38.1
9 1 (2) 341.631 (4) 22.7
10 1 (2) 1000 (5) 17.5
11 3 (3) 10 (1) 68.0
12 3 (3) 31.6228 (2) 47.4
13 3 (3) 108.871 (3) 29.9
14 3 (3) 341.631 (4) 19.6
15 3 (3) 1000 (5) 14.4
16 5 (4) 10 (1) 58.8
17 5 (4) 31.6228 (2) 43.3
18 5 (4) 108.871 (3) 27.8
19 5 (4) 341.631 (4) 18.6
20 5 (4) 1000 (5) 13.4
21 10 (5) 10 (1) 58.8
22 10 (5) 31.6228 (2) 43.3
23 10 (5) 108.871 (3) 27.8
24 10 (5) 341.631 (4) 18.6
25 10 (5) 1000 (5) 13.4
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shear rate is changing from 736 (s-1) to 1000 (s-1). The
interaction effects are not considerable because almost all
the different sulfonation degrees show the same trend with
an increasing shear rate.
Similarly, Table 3 shows that the ANOVA results of the
polymer solution viscosity. It was observed that the shear
rate was the more significant parameter affecting the
solution viscosity as compared to the sulfonation degree.
The shear rate and the sulfonation degree affected the
polymer viscosity by approximately 99 and 0.5 %,
respectively. As the percentage of the interaction was less
than or equal to 0.5 %, the insignificant interaction effects
were deduced, which were in line with the S/N ratio results.
Effect of the NaCl concentration and shear rate
on the polymer solution viscosity
The resultant range of experimental conditions, including
their coded levels, can be observed in Table 6. In this step,
the viscosity of the AN132 as a function of the shear rate
and salinity for the 5000 ppm polymer concentration at
20 C has been considered.
Fig. 4 NaCl concentration and
shear rate a main effect,
b interaction effect
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The S/N response graph for the polymer solution vis-
cosity as a function of salinity and shear rate is depicted in
Fig. 4. The main effects’ plot in Fig. 4a suggests that there
might be a significant effect associated with the Shear rate
as compared to the NaCl concentration. Figure 4a shows
that the shear rate has a higher effect than the NaCl con-
centration which can be seen by looking at the slope of the
lines connecting different levels of each parameter. By
increasing the NaCl concentration, the slope of the line
reduced; while by increasing the shear rate, the slope of the
line remains almost constant. The reduction of the slope of
the NaCl concentration lowers the average effect of the
NaCl concentration on the solution viscosity. On the other
hand, the interaction plot in Fig. 4b suggests that there
might not be a significant interaction due to the NaCl
concentration 9 shear rate because the lines are almost
parallel to each other.
Similarly, Table 3 shows the ANOVA results of the
polymer solution viscosity. It was observed that the shear
rate was the more significant parameter affecting the
solution viscosity as compared to the NaCl concentration.
The shear rate and the NaCl concentration affected the
polymer viscosity by approximately 74 and 24 %, respec-
tively. An error contribution of 2 % was obtained which
included all the interaction effects. As the percentage of the
interaction was less than or equal to 2 %, the insignificant
interaction effects were deduced, which were in line with
the S/N ratio results.
The polymer solution viscosity reduced with an
increase in the NaCl concentration and shear rate. These
findings were consistent with those of other studies (Ait-
Kadi et al. 1987; Chagas et al. 2004; Rashidi et al. 2010).
The addition of NaCl to the polymer solution shielded the
charges on the polymer chain. The molecules then coiled
up and resulted in a lower polymer solution viscosity
(Ait-Kadi et al. 1987; Chagas et al. 2004; Rashidi et al.
2010). The rate of the decrease in the viscosity began to
level off after a particular salinity as all charges on the
polymer chain had been screened by the NaCl ions. This
phenomenon can be observed in the main effect fig-
ure when the NaCl concentration changed from 5 to
10 wt%.
Effect of the sulfonation degree and NaCl
concentration on the polymer solution viscosity
The resultant range of the experimental conditions,
including their coded levels, can be observed in Table 7. In
this step, the viscosity of the sulfonated polyacrylamide
polymers as a function of the NaCl concentration for dif-
ferent sulfonation degrees at a constant shear rate of
100 s-1 at 20 C has been considered.
The S/N response graph for the polymer solution vis-
cosity as a function of the polymer concentration and sul-
fonation degree is depicted in Fig. 5.The main effects’ plot
in Fig. 5a suggests that the NaCl concentration affected the
polymer solution viscosity higher than the sulfonation
degree. The obvious effect of changing the salt concen-
tration in a solution of a flexible polyelectrolyte is that the
latter will expand in a low salt concentration. The mutual
repulsion of the charges along the chain leads to a high
polymer solution viscosity. While the polymer contracts in
a high salt concentration, leading to a low solution vis-
cosity (Sorbie 1991).
On the other hand, the interaction plots in Fig. 5b sug-
gests that there might be a significant interaction due to the
NaCl concentration 9 sulfonation degree. The lines inter-
sect because at the lowest sulfonation degree, i.e., 5 mol%,
almost no viscosity change is observed between 1 and
5 wt% NaCl. At a 1 wt% NaCl concentration, almost all
the charges on the polymer chain have been screened by
the NaCl ions; and after this salinity, the viscosity
decreasing rate levels off. While for the polymer with the
32 mol% sulfonation degree further decreasing viscosity is
observed between 1 and 5 wt% as there are charges which
have not been screened by the NaCl ions.
Similarly, Table 3 shows the ANOVA results of the
polymer solution viscosity. It was observed that the NaCl
concentration was the more significant parameter affecting
the solution viscosity as compared to the sulfonation degree.
Table 7 Sulfonation degree and NaCl concentration: the order and








1 5 (1) 0.1 (1) 47.0
2 5 (1) 0.5 (2) 35.4
3 5 (1) 1 (3) 32.4
4 5 (1) 5 (4) 32.5
5 13 (2) 0.1 (1) 70.8
6 13(2) 0.5 (2) 49.7
7 13 (2) 1 (3) 40.9
8 13 (2) 5 (4) 28.2
9 25 (3) 0.1 (1) 78.5
10 25 (3) 0.5 (2) 46.3
11 25 (3) 1 (3) 38.1
12 25 (3) 5 (4) 27.0
13 32 (4) 0.1 (1) 83.9
14 32 (4) 0.5 (2) 47.6
15 32 (4) 1 (3) 40.6
16 32 (4) 5 (4) 27.5
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Fig. 5 Sulfonation degree and
NaCl concentration a main
effect, b interaction effect
Table 8 Polymer concentration
and sulfonation degree: the
order and conditions for the
Taguchi design including the
coded levels of each parameter
S. no Sulfonation degree (mol%) Polymer concentration (ppm) Viscosity (mPa s)
1 5 (1) 1500 (1) 6.2
2 5 (1) 2500 (2) 12.7
3 5 (1) 5000 (3) 42.7
4 13 (2) 1500 (1) 9.0
5 13 (2) 2500 (2) 17.9
6 13 (2) 5000 (3) 61.5
7 32 (3) 1500 (1) 9.2
8 32 (3) 2500 (2) 18.8
9 32 (3) 5000 (3) 59.7
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The NaCl concentration and the sulfonation degree affected
the polymer viscosity by approximately 83 and 6.7 %. The
error contribution of 10 % also included the interaction
effect and, therefore, is a considerable value. This is a highly
noteworthy effect of the interaction which needs to be taken
into account. The polymer solution viscosity increased with
the increase in the sulfonation degree, and reduced as the
NaCl concentration increased from 0.1 to 5 wt%, as dis-
cussed previously. However, the slight reduction of the
polymer solution viscosity in the sulfonation degree
25 mol% could be too small to be significant and could be
accounted for in the experimental errors.
Effect of the sulfonation degree and polymer
concentration on the polymer solution viscosity
The resultant range of the experimental conditions,
including their coded levels, can be observed in Table 8. In
this step, the viscosity of the sulfonated polyacrylamide
polymers as a function of the sulfonation degree at
Fig. 6 polymer concentration
and sulfonation degree a main
effect, b interaction effect
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different polymer concentrations and a constant shear rate
of 100 s-1 at 20 C has been considered. The S/N response
graph for the polymer solution viscosity as a function of the
polymer concentration and NaCl concentration is depicted
in Fig. 6. The main effects’ plot in Fig. 6a suggests that
there might be a significant effect associated with the
polymer concentration as compared to the sulfonation
degree. On the other hand, the parallel lines in the inter-
action plot of Fig. 6b suggests that there might not be a
significant interaction due to the polymer concentra-
tion 9 sulfonation degree. For each sulfonation degree, an
increase in the polymer concentration resulted in the same
trend with no drastic changes and, therefore, hints at almost
no significant interaction.
Similarly, Table 3 shows the ANOVA results of the
polymer solution viscosity. It was observed that the poly-
mer concentration was the more significant parameter
affecting the solution viscosity as compared to the sul-
fonation degree. The polymer concentration and the sul-
fonation degree affected the polymer viscosity by
approximately 94 and 5.5 %, respectively. An error con-
tribution of 0.5 % was obtained which included all the
interaction effects. As the percentage of the interaction was
less than or equal to 0.5 %, the insignificant interaction
effects were deduced, which were in line with S/N ratio
results.
Effect of the molecular weight and NaCl
concentration on the polymer solution viscosity
The resultant range of the experimental conditions,
including their coded levels, can be observed in Table 9. In
this step, the viscosity of a typical 25 mol% sulfonated
polyacrylamide polymer sample as a function of molecular
weight in different NaCl concentrations at 20 C has been
considered.
The S/N response graph for the polymer solution vis-
cosity as a function of the NaCl concentration and sul-
fonation degree is depicted in Fig. 7. The main effects’ plot
in Fig. 7a suggests that there might be a significant effect
associated with the NaCl concentration and molecular
weight. The interaction plot in Fig. 7b suggests that there
might be a significant interaction due to the molecular
weight 9 NaCl concentration since the lines intersect. No-
tice that the size of the increase in the response, i.e.,
solution viscosity, when the molecular weight changes, is
dependent on the level of the NaCl concentration. This is
because when the polymer chain is shorter, the charges on
the polymer chain are easily shielded by salt ions and the
molecules coil up and result in a lower polymer solution
viscosity as compared to the polymers with a higher
molecular weight.
Similarly, Table 3 shows the ANOVA results of the
polymer solution viscosity. It was observed that the NaCl
concentration was the more significant parameter affecting
the solution viscosity as compared to the molecular weight.
The NaCl concentration and the molecular weight affected
the polymer viscosity by approximately 54.4 and 35 %,
respectively. The error contribution of 10 % also included
the interaction effect and, therefore, is a considerable
value. This is a highly noteworthy effect of the interaction
which needs to be taken into account.
The polymer solution viscosity increased with an
increase in the molecular weight and reduced as the NaCl
concentration increased from 0.1 to 5 wt%. These findings
were consistent with those of other studies (Lewandowska
2007). For all the polymers, the higher the molecular
weight, the higher was the solution viscosity. This is
because the molecular weight directly affected the chain
size.
Conclusion
The Taguchi method was successfully used to identify the
main effects and interaction effects of different process
variables in the polymer solution viscosity of the sul-
fonated polyacrylamide copolymers. This is the first time
that interactions between the parameters in a polymer
solution viscosity process have been studied. Two strong
interactions were found: (1) NaCl concentration and sul-
fonation degree and (2) molecular weight and NaCl con-
centration. The Taguchi method is an efficient and
effective method for investigating parameter sensitivity
and interactions. The following specific conclusions have
been made from this work.
• The most important parameter with the respect to the
polymer solution viscosity is the polymer
Table 9 Molecular weight and NaCl concentration: the order and








1 2 (1) 0.1 (1) 63.7
2 2 (1) 1 (2) 14.6
3 2 (1) 5 (3) 9.8
4 8 (2) 0.1 (1) 77.9
5 8 (2) 1 (2) 37.4
6 8 (2) 5 (3) 26.3
7 12 (3) 0.1 (1) 90.1
8 12 (3) 1 (2) 46.4
9 12 (3) 5 (3) 34.2
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concentration; as, the polymer concentration shows the
contribution in the order of 94 %. Thus, the polymer
solution viscosity can be improved by controlled
change of the polymer concentration.
• ANOVA was successfully carried out to obtain the
contribution percentage of the main parameters and
their interaction. Remarkably, the ability to detect the
effect of each parameter is commensurate with that of
Taguchi’s method.
• An extension of this work may include a broader range
of operating conditions while giving special consider-
ation to other potential factors that can alter the
investigated variables. Also, given that this work’s
experimental plan has been designed to evaluate each
two-factor interaction separately; the next step may be
to validate the applicability of the Taguchi design by
considering more than two variable interactions at a
time.
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creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
Fig. 7 Molecular weight and
NaCl concentration a main
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